We report a facile, cost-effective, and environmentally friendly approach to fabricate superamphiphobic Al surfaces. Hierarchical micro/nanoscale morphology of Al surfaces was formed with CuCl 2 etching followed by hot water treatment. After derivatization of fluoroalkylphosphonic acid (C 10 F 21 C 2 H 4 PO(OH) 2 , FPA) monolayer, desirable superamphiphobicity was achieved. It was found that the FPA/Al surfaces maintained superamphiphobic under the impinging by SiC flow with a falling height of 30 cm, suggesting good mechanical durability. Wettability measurement showed that the FPA self-assembled monolayer remained integrated up to 300°C, above which damage was observed. The approach reported in this paper can be readily integrated into product lines for wide variety of applications.
Introduction
Aluminum (Al) and its alloys had been widely used in architecture, transmission lines, electronic elements, and other applications. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] Contamination and corrosion of Al surfaces can easily occur in air. Accumulation of ice on surfaces of Al electric lines may result in tower collapse and power failure. [15] [16] [17] Therefore, studies on superamphiphobic Al surfaces are of great interest. Al can be oxidized in air easily; hence, Al surfaces are well known as hydrophilic Al oxide surfaces with surface tension within 30-40 mN/m. 18 Numerous studies have been carried out to make Al surfaces superhydrophobic. [19] [20] [21] [22] [23] [24] However, it is still very challenging to create superamphiphobic surfaces because of the very low surface tension within the range of 23-50 mN/m of organic liquids. 25, 26 Hence, more stringent conditions are required in the process to achieve superamphiphobicity. It has been shown that the contact angle that can be obtained on a flat surface by lowering the surface energy does not exceed 120°a nd superamphiphobic surfaces can only be achieved with a combination of low-surface-energy chemicals and surface micro-and nanostructures. 27 In the surface pattern strategy, sol-gel process, 6 chemical etching, 9, [28] [29] [30] [31] anodic oxidation, [32] [33] [34] electroplating, 35 hydrothermal reaction, 36 electrospinning, 37 and so on have been studied. Chemical etching is a promising process because of the homogeneity, costeffectiveness, and easy scale up. The authors used CuSO 4 and NaCl mixed solution to etch Al surfaces to create microscale roughness. In order to further simplify the process and reduce the cost, anhydrous cupric chloride (CuCl 2 ) was employed as a substituting etchant to construct microscale pattern of Al surfaces in this work. The etching process with CuCl 2 as the etchant has the advantages of being simple, highly effective, low cost, and environmentally friendly since no acid or alkali was used in the process and the Electronic supplementary material The online version of this article (https://doi.org/10.1007/s11998-018-0143-7) contains supplementary material, which is available to authorized users. resultants of the reaction are nonpoisonous. However, Cu particles were deposited on the Al surfaces during the etching process and, actually, the final products were Cu surfaces in previous studies. 23 The authors demonstrated that the deposited Cu layers during the etching process could be removed thoroughly by an ultrasonic washing in deionized water (DI water). 38 Inspired by the achievement, the process of CuCl 2 etching and ultrasonic washing was adopted here to construct microscale structured Al surfaces.
Hot water treatment of Al and its alloys was originally adopted to enhance the interfacial adhesion between epoxy and Al joints. Alwitt et al. 39 reported that pseudoboehmite oxide film will grow on aluminum surfaces in hot water at temperatures ranging from 50 to 100°C. The growth process of the pseudoboehmite oxide film is present in three stages of incubation (1-2 s), rapid growth and slow growth within the first few minutes of soaking. It is believed that the reaction starts with the dissolution of aluminum followed by the deposition of hydroxide colloidal particles to form nanoscale porous structures. [40] [41] [42] [43] Studies indicated that both the treatment time and temperature significantly affect the process of surface pattern. Herein, a 90°C hot DI water treatment was conducted to develop nanoscale cilia on the as-prepared microscale roughness to form hierarchical micro/nanoscale structure. The influence of treatment time on the wettability of modified Al surfaces was investigated.
Among the surface modification strategies, fluoroalkylsilane, 44, 45 Teflon, 46 perfluorooctyltriethoxysilane, 47 and other chemicals have been used to lower the free energy of Al surfaces. However, the adhesion between Al and these chemicals was limited due to lack of chemical bonds between the chemicals and Al. In recent years, it has been confirmed that robust P-O-Al covalent bonds will be formed via condensation reactions between the hydroxyl groups of Al surfaces and alkyl phosphoric acids of dodecylphosphonic acid (DDPA) and octadecylphosphonic acid (OPA). 22, 23 The covalent bonds dramatically improved the adhesion, ensuring excellent durability of the composite system.
Although alkyl phosphoric acids are effective modifiers for Al surfaces, the surface energy of densely packed methylene chains and the terminal -CH 3 groups are too high to repel oils. Analysis based on Zisman plot shows that the fluorinated alkyl phosphoric acid (C 10 F 21 C 2 H 4 PO(OH) 2 , FPA), purchased from Specific Polymers and a diagram of molecular structure is shown in supplemental information (SI) Appendix is able to further lower the surface energy to about 17 mN/m, rendering FPA a good candidate for Al surfaces modification toward superamphiphobicity.
In the present work, CuCl 2 etching and ultrasonic washing were adopted to construct microscale structured Al surfaces. A 90°C hot DI water treatment was conducted to develop nanoscale cilia covered on the as-prepared microscale rough surfaces to form hierarchical micro/nanoscale structure. After FPA derivati-zation, superamphiphobic Al surfaces were achieved. The mechanical durability and thermostability of the superamphiphobic Al surfaces were tested and evaluated.
Experimental

Materials and sample preparation
An Al sheet (1.0 mm thick, 99.6% purity, Ode Fu Metal Materials Co., Ltd.) was cut into 20 mm 9 20 mm coupons. The coupons were sequentially polished by sandpapers of 800 # , 1200 # , 1500 # followed by two 15min sonication cleaning in ethanol and DI water (18.2 MX, Milli-Q), respectively.
The cleaned Al coupons were immersed into 0.6 M CuCl 2 (Sailboats Tianjin Chemical Reagent Co., Ltd.) aqueous solution for a 4-min etching. After ultrasonic cleaning in DI water, the coupons were bathed in 90°C DI water for a certain period. Ultrasonic cleaning and N 2 stream drying were done before FPA derivatization. The patterned Al coupons were dip-coated in a 0.1 mM FPA ethanol solution for 7 min followed by an ethanol stream washing. The FPA/Al samples were dried in an oven for 30 min at 60°C before characterization and evaluation.
Surface characterization
Al surfaces were characterized with contact angle (CA) measurement, scanning electron microscopy (SEM), energy-dispersive spectroscopy (EDS), and X-ray photoelectron spectroscopy (XPS). Readers are referred to the literature 22, 23 for the detailed procedures. The mechanical durability and thermal stability of the superamphiphobic Al surfaces were evaluated with abrasion tests and annealing.
Results and discussion
Surface morphology Figure 1 shows the effects of a 4-min hot water treatment on the Al surfaces prepared with a 4-min etching followed by a 15-min ultrasonic washing. CuCl 2 aqueous solution etching constructed nonuniform steplike pits with diameter and depth of about several micrometers. 48 After hot water treatment, slightly curved petallike cilia with several hundreds of nanometers in length and tens of nanometers in width are uniformly covered on the microscale structures. The petallike cilia are uniform in size and densely packed. Thus, hierarchical micro/nanoscale roughness was constructed via etching and treating. The following FPA derivatization would not change the morphology of Al surfaces since the thickness of the FPA selfassembly monolayers (SAMs) is about 2 nm.
The hydrolization of CuCl 2 in water can be described as
Both Cu 2+ and H + can oxidize Al as the main reactants in the etching process, with the substitution reactions described as
The generated H 2 bubbles prevent Cu deposition. Further substitution reactions are also inhibited because of irregular Cu deposition on the aluminum surface. As a consequence, nonuniform etching exists, resulting in microscale roughness. 4 The Al surfaces were gradually covered with red cotton-shaped layers during the etching process. The layer was verified to comprise Cu particles by EDS. After ultrasonic cleaning in DI water, the layers were washed off thoroughly and microscale rough structures of Al surface were achieved (see SI Appendix).
Surface wettability
The etching time significantly affects the microstructure and wettability of the FPA/Al surfaces. Overlong etching time will collapse the walls of the micropits and induce enhancement of the pit size. As a consequence, at the solid-liquid interfaces, liquids will penetrate into the bigger pits and droplets sliding will be blocked. In this work, different etching periods were tried and optimized to 4 min. The influence of hot water treatment on wettability of FPA/Al surfaces was also surveyed in this work. In the treating time ranging from 1 to 6 min, the FPA/Al surfaces are in the superamphiphobic regime (see SI Appendix). Under the optimal conditions of 4-min etching and 4-min hot water treatment, the static contact angles of water and oil are 170°and 157°, respectively. In addition, the hysteresis of the advancing and receding angles of oil and water is 2°and 4°, respectively.
Because of the intrinsic hydrophilicity of Al surfaces, the CAs of water and peanut oil droplets are below the detection limit regardless of the roughness of Al surfaces studied, while the CAs of DI water and peanut oil on flat FPA/Al surface were 120°and 83°, respectively. The etched Cu-free Al surfaces (without hot water treatment and with only microscale structures) after the FPA derivitization presented a desirable superhydrophobicity with water contact angle of 157°and sliding angle of 3°, respectively. However, although the oil contact angle was larger than 140°, the sliding angle was bigger than 20°. In addition, there were the same residues left on the sample surfaces as when the oil droplets rolled off. Hence, the formation of nanoscale cilia during the hot water treatment was the key to superoleophobicity. Based on models of Wenzel and Cassie discussed elsewhere, 38 a conclusion that Cassie state of droplets of water and oils on the asprepared superamphiphobic Al surfaces can be safely drawn. The projected fraction of the solid in contact with the peanut oil droplets was estimated by Cassie-Baxter function to 7.1% (for water droplets, it was 3.0%) in the optimal case of superamphiphobicity, which is a receivable value of a composite system at the solid-liquid interfaces. 25, 49 Peanut oil was used as one of the probing liquids in this work not only for its popularity in daily use but also because of its representative properties among edible oils. For example, the surface tension of peanut oil is 34.5 mN/m which is close to other edible oils such as olive oil (32 mN/m), rapeseed oil (33 mN/m), and soybean oil (33.8 mN/m). 25 Surface tensions of edible oils are slightly higher than those of other organic oils which are generally lower than 30 mN/m. In the present work, n-hexadecane (27 mN/m) was also used to detect the superamphiphobic Al surfaces, and the corresponding CAs and SAs (not shown here for simplicity) were slightly higher than that of peanut oil but in most cases were in the superoleophobic regime. Figure 2 shows the high-resolution XPS spectra of FPA/Al surfaces around C 1s binding energy. The peak at the binding energy of 284.80 eV is attributed to C-C/C-H groups which arise from the methylene (-CH 2 ) groups of the FPA molecules and adventitious carbon contaminations. The oxidized carbon species of alcohol or ether type (C-OH/C-O-C) and ester, ketone, or carboxyl type (CO-O-C/C-CO-C/C-C-OH) adsorbed from the ambient air are observed at the binding energy of 286.37 and 288.93 eV, respectively. [50] [51] [52] The peaks at high binding energies of 291.69 and 293.97 eV are attributed to the difluoromethylene (-CF 2 ) backbone and trifluoromethyl (-CF 3 ) tail groups of the FPA molecules. 38 The ratio of the peak areas for the CF 2 and CF 3 groups is 9.0, which agrees very well with the expected value of 9. The quantities of the oxygenated carbon contamination species are very low compared with that of perfluorophosphonates. The complete displacement of adsorbed contaminations provides a higher surface density of adsorption sites, resulting in a more closely packed array of molecules and, consequently, higher water/oil contact angles. 51 Figure 3 shows the O 1s core-level high-resolution XPS spectra obtained on pristine Al and FPA/Al surfaces. For the blank Al surfaces, the peaks fitted at the binding energies of 530.80, 532.48 and 534.54 eV are attributed to components of Al 2 O 3 , aluminum suboxide (AlO x ) and C-O, respectively. After FPA derivatization, components of AlO x and C-O are detected at the same binding energies of 532.50 and 534.54 eV. However, the Al 2 O 3 peak disappears and a new peak at 531.22 eV emerges. The possible reason might be that the bigger groups of -CF 2 /CF 3 of the FPA compared to the -CH 2 /CH 3 of DDPA and OPA 22, 23 block the X-ray photons from reaching the core level of the O elements coordinated in Al 2 O 3 , and then, the corresponding signal is weakened. The new peak at 531.22 eV is contributed to P-O-Al/Al-OH, indicating the formation of covalent bonds at the FPA-Al interfaces.
Surface chemistry
The formation of bidentate bonds between a DDPA monolayer and Al surfaces was confirmed with the comparison between the integrate intensities of P=O and P-O-Al bonds. 22 However, the component of P=O (representing the nonbonded portion of the FPA head groups to Al) was not detected in this work. There were two possibilities for the P=O absence: (a) The intensity of P=O was too weak to be detected, or (b) the bonding configuration of phosphorus in FPA SAMs and Al was terdentate. Figure 4 shows Al 2p spectra obtained on pristine Al and FPA/Al surfaces. For the blank Al surface, Al metal peaks at 72.86 (Al 2p ) and 73.20 eV (Al 2p1/2 ), Al 2 O 3 peak at 74.30 eV, and AlO x peak at 75.50 eV are obtained. The Al metal and Al 2 O 3 peaks vanish after FPA SAM derivatization. The possible reason might be those discussed above, i.e., the big groups of -CF 2 /CF 3 of the FPA might shield the XPS signals of Al elements of metal and Al 2 O 3 . The intensity of AlO x peak dramatically decreases compared to that obtained on blank Al surface. Meanwhile, a new peak at binding energy of 74.42 eV emerges. This peak is attributed to P-O-Al/Al-OH. Thus, the information extracted from Al 2p peaks agrees well with those from O 1s peaks. In addition, the binding energy and FWHM of elements C, O, Al, and P peaks are listed in Table 1 .
Surface robustness
Abrasion tests 53, 54 were employed to evaluate the mechanical robustness of the superamphiphobic Al surfaces. A flow of SiC grains with a diameter of $ 250 lm impinged on the superamphiphobic surfaces from a height of 10-50 cm. The grains had a velocity of 1.41-3.16 m/s just before impingement, corresponding to impinging energy of 2.6 9 10 À8 $ 13 9 10 À8 J per grain. After grain abrasion, the surface wettability was investigated. Variation of the contact angles is shown in Fig. 5 . The static contact angles as well as the advancing and receding angles decrease with the falling height. Despite a little declination, the FPA/Al surfaces remain superamphiphobic when the falling height is below 30 cm. Upon further increasing the falling height, the superamphiphobicity declines corresponding to the obvious decrease in the receding angle. It is interesting that, despite the decrease in the receding angles, the static contact angle and the advancing angle remain above 150°and are almost unchangeable, suggesting the microstructure is damaged by SiC grains impinging rather than the damage of the FPA SAMs.
Thermal stability is a crucial requirement for applications using superamphiphobic surfaces. In the present work, superamphiphobic Al surfaces were annealed at different temperatures for 1 h and the wettability was measured. The results are shown in Fig. 6 . The CAs of water and peanut oil almost remain unchangeable when the temperature rises from room temperature (17°C) to 260°C despite a little fluctuation. When the temperature increases to 300°C (not shown here), the surfaces were amphiphilic.
SEM and XPS were conducted to study the amphiphilic surfaces annealed at 300°C. SEM images showed no change compared to the superamphiphobic FPA/Al surfaces. The XPS peaks of -CF 2 , -CF 3 , and In order to further understand the thermal stability of the FPA SAMs on Al surfaces, thermogravimetric analysis and differential scanning calorimetry (TG-DSC) were conducted. The results are shown in Fig. S4 in SI Appendix. The FPA powder melted at the temperature of 189.5°C and began to evaporate. Further increasing the annealing temperature to 369.3°C, the liquid FPA was boiling. The FPA molecules were decomposed at the temperature of 449°C. Hence, the transition from superamphiphobicity to amphiphilicity of the FPA/Al surface under annealing at 300°C was more likely attributed to the vaporization of FPA molecules.
Conclusions
In this work, a simple, cost-effective, environmentalfriendly, and less time-consuming approach to fabricate superamphiphobic Al surfaces was demonstrated. CuCl 2 aqueous solution was employed to etch Al surfaces to micrometer structure followed by hot water treatment and low-surface-energy (FPA) modification to achieve superamphiphobicity. SEM images indicated that a hierarchical micro/nanometer scale structure was constructed on the Al surfaces. The XPS analyses confirmed that the FPA SAMs were successfully developed on the Al surfaces. The mechanical durability and thermal stability tests indicated that the superamphiphobic FPA/Al surfaces blasted with SiC grain flow with velocity and kinetic energy of 2.2 m/s and 6.3 9 10 À8 J per grain, respectively. The FPA SAMs remained intact in ambient environment at 260°C for 1 h. The approach reported in this paper provides an avenue to industrial production of superamphiphobic Al surfaces. 
